Abstract-In this paper, we demonstrate the application of X-band TerraSAR-X (TS-X) data with high spatial resolution for studies on wind turbine wake in the near and far field of the offshore wind farm Alpha Ventus located in the North Sea. Two cases which have different weather conditions and yield different wake pattern as observed in the TS-X image are presented. Using the TS-X observations, the retrieved sea surface wind field and meteorological measurements at the FiNO1 platform jointly, we quantify the wake characteristics of wake length, wake width, maximum velocity deficit, wake merging and wake meandering. Influences of meteorological conditions on inducing wakes with different characteristics in the two cases are discussed.
I. INTRODUCTION

W
IND TURBINES are widely used at onshore and offshore sites to utilize the energy of moving air and convert it into electrical power. Offshore wind tends to flow faster than onshore wind; thus, numerous large-scale offshore wind farms exist, for example, Horns Rev and Alpha Ventus in the North Sea, and Nysted in the Baltic Sea, have been built in European waters and now play an important role in providing renewable energy.
To effectively and economically convert more wind energy to electrical power, wind farms usually have dozens of turbines covering large areas. Furthermore, the diameters of modern wind turbines often exceed 100 m. Therefore, knowledge of behavior of wake induced by large wind turbines and their impact on wind power output is important [1] - [3] . Utilization of cup and sonic anemometers mounted on meteorological masts at different levels is a standard methodology to infer wake characterization at offshore wind farms, e.g., described in [4] . Due to the relatively high costs of installing very tall masts over the ocean, as well as their limited spatial coverage, ground-based and airborne/spaceborne remote sensing techniques are alternative methodologies to investigate wind turbine wake by means of quantifying the relevant wind speed [5] . Ground-based Lidar [6] and Sodar [7] can be mounted on platforms or transported on ships to provide vertical profiles of the wind influenced by wake. When a Lidar is mounted on the wind turbine hub or on the nacelle, it also can perform upwind and downwind scanning to quantify horizontal variation of wind speed, as illustrated in [5] . Active remote sensing instruments, such as Scatterometer and Synthetic Aperture Radar (SAR), have shown their capabilities of providing sea surface wind measurement in high spatial resolution and large coverage [8] , [9] . SAR particularly demonstrates its unique advantage in mapping the sea surface wind field at a kilometer scale over coastal zones for investigating oceanic and atmospheric processes, e.g., presented in [10] - [14] . As most offshore wind farms are sited in coastal zones, increasing attention has been drawn on using SAR for studies of offshore wind farming. Apart from its utilization of estimating potential wind resources [15] - [17] to optimize micrositing of offshore wind farms, airborne or spaceborne SAR, as an imaging radar, shows its unique advantage of mapping spatial variation of offshore wind turbine wakes due to its large coverage and high spatial resolution [18] . The general principle of SAR imaging turbine wake is that the reduced wind speed downstream of offshore wind farms modulates the sea surface roughness, which in turn changes the Normalized Radar Cross Section (NRCS, denoted ) in SAR image and makes the wake visible. Therefore, one can identify wind turbine wakes and quantify their characteristics by analyzing SAR imagery, as presented in [19] and [20] using ERS-2/SAR and ENVISAT/Advanced SAR (ASAR) images acquired at large offshore wind farms in the North Sea.
The new generation of spaceborne SAR represented, for example, by TerraSAR-X/Tandem-X (TS-X/TD-X), Cosmo-Skymed, and RADARSAT-2, can provide imagery with high spatial resolution of up to 1 m. With respect to TS-X and TD-X, they can operate in ScanSAR, Stripmap and Spotlight modes. When TS-X/TD-X operates in Stripmap mode, it provides images with a pixel size of 1.25 m, which is 10 times that of conventional spaceborne SAR sensors, such as the ERS/SAR and ENVISAT/ASAR data in image mode. The much smaller pixel size of TS-X/TD-X than that of RADARSAT and ENVISAT/ASAR corresponds to a larger number of independent looks, which, in turn, contributes less speckle "noise" at a given spatial resolution, as demonstrated in a comparison of (simulated) TS-X Stripmap image with an ERS-2/SAR image [21] . In Fig. 1 , we show a TS-X Stripmap image and an ENVISAT/ASAR image over the offshore wind farm Nysted in the Baltic Sea. Although the two images are not acquired at the same time, we can clearly find that speckle in the higher spatial resolution TS-X image is significantly reduced compared to that in the ENVISAT/ASAR image. In particular, each single wind turbine and sea surface wind streaks are clearly visible in the TS-X image. Therefore, this stimulates our interest to study offshore wind turbine wake using TS-X images in high spatial resolution.
In the present study, TS-X Stripmap images and retrieved sea surface wind field are used to investigate spatial variation of turbine wake at the offshore wind farm Alpha Ventus. Following the introduction, data and methodology are described. Additionally, we describe briefly the Geophysical Model Function (GMF), called XMOD2, used to retrieve sea surface wind field at 10 m height from X-band SAR data. In the third section, we present two case studies to quantify wake characteristics using TS-X images and the retrieved sea surface wind field. Influences of meteorological conditions on inducing turbine wakes with different characteristics are discussed in Section IV. Conclusions are given in the last section.
II. DATA AND METHODOLOGY
A. TS-X Data and X-Band GMF-XMOD2
TS-X Stripmap images acquired in Vertical-Vertical (VV) polarization are used for case studies. The Stripmap image has a pixel size of 1.25 m and a swath width of approximately 30 km. A comprehensive re-calibration campaign in 2009 [22] shows that the TS-X satellite still works very successfully with an absolute radiometric accuracy of 0.34 dB after two years of its launch. Considering a conservative assumption for long-term stability of the instrument, an absolute radiometric accuracy of 0.6 dB for Stripmap products can be ensured during the whole life of TS-X [22] .
To retrieve the sea surface wind field from the X-band TS-X and TD-X data, we propose a nonlinear GMF XMOD2 [23] , which uses an expression similar to the C-band GMF CMOD5 [24] , as given in (1): (1) where and are functions of incidence angle and the sea surface wind speed at 10 m height; is a constant with a value of 0.625; and the relative direction is the angle between wind direction and radar look direction , i.e., . The 32 coefficients for transfer functions in and are determined using a mixed tuning dataset, which consists of 371 collocations with in situ measurements accessed from the National Data Buoy Center (NDBC) and Environment Canada buoy networks, and 639 collocations with the reanalysis wind model data accessed from the German Weather Service (Deutscher Wetterdienst, DWD). Comparison of the retrieved TS-X wind speed by XMOD2 with the 371 buoy measurements used in the tuning dataset shows a bias of m/s, and RMSE of 1.47 m/s, and a Scatter Index (SI) of 16.0%. A further validation using 52 cases collocated with buoy measurements shows a very strikingly similar result with a bias of m/s, an RMSE of 1.48 m/s and a SI of 17.0%. The validation shows that the accuracy of XMOD2 is comparable with that of CMOD5 which presents a negative bias of 0.35 m/s compared with buoy measurements [24] . XMOD2 is currently applicable for X-band SAR data with incidence angle between 20 and 45 to retrieve sea surface wind speed in the range of 1 m/s to 20 m/s.
B. In Situ Measurements at FiNO1
In situ measurements of wind speed and wind direction are obtained from the research platform FiNO1 [25] , [26] .
As the SAR retrieved sea surface wind speed is valid at 10 m height, wind measurement at 33 m height is extrapolated to that at 10 m height using a logarithmic wind profile (2) and the Charnock roughness model (3). Atmospheric stability taken into account in the logarithmic wind profile is indicated by the empirical function in (2) . To estimate stability of the atmosphere, the bulk Richardson method proposed in [27] is used here. The dimensionless stability parameter is proportional to the bulk Richardson number according to (4) for and (5) , The Richardson number is calculated as follows: (6) where is the acceleration of gravity, , and is the air temperature and wind speed at reference height , respectively. is difference of the virtual potential temperature at the reference height and the sea surface level. The air virtual potential temperature at sea level is calculated by assuming that the air temperature at the sea level is equal to the sea surface temperature measured by the wave rider buoy located 100 m northwest of FiNO1.
III. CASE STUDIES
Alpha Ventus is located approximately 45 km from the coast of Borkum, Germany, and consists of twelve 5-Megawatt wind power turbines, as illustrated in Fig. 2 Besides the bright spots, the TS-X image clearly shows wind streaks which indicate that the sea surface wind is aligned in the northeast-southwest direction. The other distinguishing feature observed in the TS-X image is a long and wide shadow downstream of the offshore wind farm. Over large-scale offshore wind farms, energy in the air is efficiently extracted by wind turbines, causing the wind speed downstream to be significantly reduced, which, in turn, modulates the sea surface roughness and makes a shadow visible on the SAR images. Therefore, the shadow presented in the TS-X image is the sea surface manifestation of the turbine-induced wake. On the other hand, the shadow also indicates that the wind blows from the southwest to the northeast in this case. Thus, a sole wind direction can be inferred from the TS-X image without reference to other data.
Since a wide and long wake downstream of the offshore wind farm is mapped in the TS-X image, the case is identified as a "single wake" case, which, however, has a different meaning from the single wake generated by a single turbine.
2) Retrieval of the Sea Surface Wind Field From TS-X Data:
To retrieve the sea surface wind speed from SAR imagery, wind direction has to be obtained prior to the calculation. In this case, as described above, the visible wind streaks in the TS-X image indicate the sea surface wind direction. Therefore, wind direction is derived using the FFT method [11] applied on a TS-X subscene with size of 4 km 4 km. The 180 ambiguity of wind direction derived from the FFT spectra is removed based on the visible shadow behind the offshore wind farm. Subsequently, the sea surface wind speed is retrieved from the TS-X data using XMOD2.
XMOD2 is tuned using subscenes with size of 2 km 2 km. Therefore, in principle, we should also use the same cell size to retrieve the sea surface wind speed for this case. However, one can notice that the turbine-induced wake, as observed in Fig. 3 , exhibits significant spatial variation by a few kilometers. Thus, a smaller cell size is considered to retrieve the sea surface wind speed in order to investigate the fine structure of the wake. However, there is a tradeoff between small cell sizes and the presence of speckle for the sea surface wind field retrieval from SAR data. It is reported in [28] that variation of the calculated SAR wind speed using cell sizes between 100 m and 500 m is mainly a result of the effect of speckle in RADARSAT image. Therefore, prior to calculating the sea surface wind speed from TS-X data using a small cell size for this case, we evaluate the speckle "noise" floor in the cells as a result of averaging multiple pixels. When deal with actual SAR image (i.e., multi-looked SAR image), the radiometric resolution defined in (7) is used to quantify the speckle "noise" floor [29] . (7) where ENL is the Equivalent Number of Looks, as defined in (8): (8) where is equal to the intensity of pixel in the multi-look image, and and VAR are the mean and variance of , respectively [30] .
The ENL and the radiometric resolution calculated using (8) and (7) for the case are shown in Fig. 4 . The figure shows that the radiometric resolution for cell sizes larger than 150 m is less than the absolute calibration accuracy of 0.6 dB ensured for the whole life of TS-X. Therefore, in the present study, we choose a cell size of 250 m 250 m, that is, by averaging 100 pixels in both azimuthal and range directions of Stripmap data, to retrieve the sea surface wind speed, which not only yields the retrieved wind field with a high spatial resolution to analyze the fine structure of the turbine wake, but also ensures the radiometric resolution (0.48 dB) below the absolute calibration accuracy of TS-X Stripmap data.
Since the wind direction is estimated using boxes with a size of 4 km 4 km, interpolation [31] is applied for each cell with a size of 250 m 250 m to retrieve sea surface wind speed in high spatial resolution, as shown in Fig. 5 . Note that the sea surface wind direction in the coarse resolution of 4 km 4 km is shown in the figure. 3
) FiNO1 Measurement and Its Comparison With the TS-X Wind Field:
The vertical profile of wind speed and wind direction measured at FiNO1 at the time close to the TS-X acquisition is shown in Fig. 6 . Both the wind speed and wind direction are 10-min averaged values. The wind speed varies between approximately 13.5 m/s and 12.5 m/s from height 100 m to 33 m, and the wind direction veers from 225 to 233 . However, the profile of the wind speed seems not to fit the logarithmic profile well. It requires further investigation to understand that the lack of fit reflects the natural variability of wind speed in a short term (10-min) or is due to flow distortion induced by the mast and boom structure. Nevertheless, FiNO1 measurements are considered to be reliable for comparison with TS-X retrieval. Because wind measurement at 10 m height is not available at the FiNO1 platform, measurements at 33 m height are extrapolated to 10 m height for comparison. As described in Section II, the extrapolation is conducted taking into account atmospheric stability. In this case, is calculated via (6); thus, the dimensionless stability parameter is obtained via (5) . The Monin-Obukhov length is therefore equal to 840.8, which indicates a stable atmospheric situation. Wind speed measured at 33 m at FiNO1 is consequently extrapolated to that at the height of 10 m via (2) .
Wind speed measurement at FiNO1 is averaged over 10-minutes, which corresponds to a spatial distance of km given the wind speed of m/s in this case assuming that turbulence flow holds the Taylor Hypothesis [32] . Therefore, the retrieved TS-X sea surface wind speeds using a cell size of 250 m 250 m within an area with the center at FiNO1 location and a radius of 3 km are collected. Note that the offshore wind farm is located 400 m east of the FiNO1 platform; thus, only the retrieved SAR wind speeds at cells in the west of FiNO1 (i.e., in upwind area) are collected for comparison to prevent the effect of strong backscatter induced by the wind turbines. Comparison of the retrieved TS-X wind speed with the FiNO1 measurement is listed in Table I . The sea surface wind direction derived from the TS-X subscene near FiNO1 platform is 232 , which is close to the wind direction of 233 measured 33 m in height. The averaged TS-X sea surface wind speed within the circle is 11.2 m/s, which agrees well with the extrapolated wind speed of 11.3 m/s at 10 m height.
This method of comparing SAR derived wind speed with tall mast measurements assumes that air advected from different distance to the mast has the same influence on the sensor at a given height. Alternatively, the footprint area-averaged method, that is, taking into account the influence varying with the distance to the mast, is also proposed for comparing measurement at tall masts with SAR retrieval, as described in [33] .
In the following, the retrieved TS-X wind speed with a spatial resolution of 250 m is used for quantitative analysis of wind turbine wakes.
4) Analysis of the Wind Turbine Wake:
A long and narrow transect with a length of 32 km through the upstream and downstream of the offshore wind farm, as indicated by the dashed arrow in Fig. 3 , is chosen to quantify the spatial variation of the sea surface wind speed upstream and downstream. Note that the width of this transect is 250 m, which is equal to the cell size used to retrieve the sea surface wind speed from TS-X data. The retrieved sea surface wind speed along this transect is shown in Fig. 7 . The gray box indicates the location of Alpha Ventus. The averaged TS-X sea surface wind speed collocated with the FiNO1 measurement of 11.2 m/s is taken as the upstream surface wind speed (denoted ), as marked by the dashed line in Fig. 7 . The lowest wind speed downstream (denoted ) of 8.6 m/s appears at around 5 km away from the offshore wind farm. Till around 18 km away from the wind farm, the wind speed downstream becomes comparable with that at the upstream. We can see that the sea surface wind speed downstream in the wake region exhibits significant fluctuations. Since a linear transect is used to estimate the sea surface wind speed, significant fluctuation of the recovery of the sea surface wind speed in the wake region indicates that wake meandering [34] occurs in this case.
The relative velocity deficit (VD) [20] , as defined in (9), is often used to characterize the wake effect induced by wind turbines. % The average derived from the TS-X sea surface wind field is 11.2 m/s, and the minimum is 8.6 m/s, which corresponds to a maximum VD of 23.2%. Note that this VD derived from the SAR retrieved sea surface wind speed at 10 m height is typically lower than that estimated at hub height [20] . In this case, from the TS-X image and the retrieved sea surface wind field, we observe that the turbine wake generated by each wind turbines merges quickly with its neighboring wakes to form a wide and long wake behind the offshore wind farm. The second case described in the section below, however, shows that wake generated by each row of the wind turbines can extend a few kilometers in the wake region alone.
B. The Multiple Wake Case on Aug. 23, 2012 1) TS-X Observation and Its Retrieved Sea Surface Wind
Field: The TS-X Stripmap image acquired on Aug. 23, 2012, at 05:51 UTC is shown in Fig. 8 . Similar to the first case, wind streaks are also visible in this TS-X image, while the imaged wind streaks presented in this case show different patterns from the first one, which is further discussed in Section IV. An enlarged subscene covering the offshore wind farm and turbine wake, as indicated by the white dashed rectangle, is overlaid on the TS-X image and shown in the upper left panel. The TS-X image, particularly the subscene clearly shows a multiple wake pattern downstream of the offshore wind farm. Therefore, this case is categorized a multiple wake case. Two vertical transects of P1 and P2 across the wake downstream, marked by the white dash arrows, at 500 m and 4000 m away from the last column of wind turbines, respectively, are used to quantify wake characteristics.
Using the wind streaks visible in the TS-X image and the shadow behind the offshore wind farm induced by turbine wake the sea surface wind direction is derived, and subsequently, the sea surface wind speed is calculated using XMOD2. The radiometric resolution estimated by (7) using a cell size of 250 m 250 m for this case is 0.47 dB, which is below the radiometric accuracy. Therefore, spatial resolution of retrieved TS-X sea surface wind field is chosen as 250 m. The retrieved wind field map is shown in Fig. 9 . Similar to the analysis for the first case, we first compare the retrieved TS-X sea surface wind speed with measurements from FiNO1.
2) FiNO1 Measurement and Its Comparison With the TS-X Wind Field:
Wind measurements at the height of 33 m to 100 m are shown in Fig. 10 . The wind speed varies between 9.8 m/s and 10.4 m/s, and the wind direction veers from 253 to 259 . Using the bulk Richardson method described in Section II, the Monin-Obukhov length for this case is larger than 1000, which indicates a neutral atmospheric situation. As the air temperature measurement is not available for 33 m height on Aug. 23, wind speed and temperature measurements at the height of 40 m are used instead to calculate the atmospheric stability. The extrapolated wind speed at 10 m height is 8.4 m/s, which is 0.2 m/s less than the retrieved TS-X wind speed.
3) Analysis of the Wind Turbine Wake:
The wind turbine wake observed in this case shows a multiple wake pattern, i.e., the wake generated by the wind turbines in each row do not merge quickly to form a wide wake downstream but extend separately for approximately 2.5 km. The radar backscatter and the sea surface wind speed of the transects P1 and P2 which have a size of 250 m by 5000 m are shown in Fig. 11(a) and (b) , respectively. For the transect P1, which is 500 m ( , i.e., four times the wind turbine diameter) from the last column of wind turbines, variation of radar backscatter and the retrieved sea surface wind speed clearly show a quadruple wake generated by the four rows of wind turbines, as marked by W1, W2, W3, and W4 in Fig. 11(a) . The lowest radar backscatter and the sea surface wind speed with value of dB and 6.50 m/s, respectively, appear in wake W4. Moreover, the radar backscatter and the sea surface wind speed between each wake are comparable with those at the upstream. For example, the maximum sea surface wind speed between W1 and W2 is 8.5 m/s, which is very close to the measurements upstream at FiNO1 of 8.4 m/s. This indicates that the turbine wake generated by each row has a limited lateral expansion. Thus, wind flow passes smoothly through the spaces between rows of wind turbines. Farther away from the offshore wind farm, the four separate wakes start to merge. As shown in Fig. 11(b) , only two wakes are visible in transect P2, which is 4 km away from the last column of the wind turbines. Along with the merging processes, the wind speed also starts to recover in wake regions. For instance, the minimum sea surface wind speed in transect P2 increases by approximately 0.5 m/s in the wake region when compared to that in P1.
In this case, the minimum retrieved TS-X wind speed downstream is 6.5 m/s, which corresponds to a maximum VD of 
IV. DISCUSSION
The two cases showing different wake patterns downstream of the offshore wind farm are presented above. In what follows, we discuss the influence of meteorological conditions on inducing different sea surface manifestation of wind streaks and wind turbine wake in the TS-X images.
A. Observation of the Wind Streaks
For the both cases, the clearly imaged streaks show mesoscale wind field features. Interestingly, these wind streaks imaged under two contrasting weather conditions show different spatial characteristics. For the first case, the atmosphere is stable and the sea surface wind speed is around 11 m/s. The observed wind streaks show a rather elongated characteristic. Furthermore, we also find that the contrast of sea surface roughness between the convergence and divergence of wind rows is rather strong in this case. For the second case, the sea surface wind speed is around 8 m/s and the atmosphere is neutral. The imaged wind streaks are in a rather patchy form with less contrast of the sea surface roughness for wind rows compared to that observed in the first case. Therefore, we can find that the characteristics of imaged wind streaks by TS-X could be related with atmospheric conditions. This indicates that we might roughly infer the weather conditions, such as stable, unstable or neutral atmosphere using only TS-X images, which could be a new potential contribution of TS-X for coastal monitoring.
B. Behavior of Wind Turbine Wakes in the Two Cases
To understand the spatial behavior of wind turbine wake better, the corresponding weather conditions and wake characteristics of the two cases are tabulated in Table II . We list wind measurements at 90 m to match the hub height of 92 m. The parameter of turbulence intensity is defined as the ratio of the standard deviation to the mean wind speed.
Wake characteristics are generally classified according to wind speed, wind direction, atmospheric stability and turbulence intensity upstream of offshore wind farms. Interestingly, two contrasting types of weather conditions are here mapped by TS-X. Therefore, in the following, we discuss the major factors that could induce different wake characteristics in the two cases. On the other hand, we also discuss which new information related to the spatial variation of wind turbine wake could be derived from the high spatial resolution TS-X data.
1) Wake Length:
In both cases, the FiNO1 platform is located upstream of the offshore wind farm, therefore, turbulence intensity derived from FiNO1 measurement is considered as the ambient atmospheric turbulence of the incoming flow. The turbulence intensity of incoming flow in the second case is 7.2%, which corresponds to a wake length of 14 km, while the turbulence intensity and wake length in the first case is 5.8% and 18 km, respectively. Model simulations [35] , [36] have shown that the higher the turbulence intensity of incoming flow, the faster the turbine wake recovers, i.e., the shorter the wake length. In this respect, the TS-X observations in the two cases further support the wake model simulations.
2) Maximum Velocity Deficit in Wake: The derived maximum velocity deficit using the retrieved TS-X sea surface wind speed in both cases is above 20%, which is higher than the result of less than 15% estimated in a previous study using the ERS-2/SAR and ENVISAT/ASAR data [20] . We consider that the difference of maximum velocity deficit between the two experiments could be caused by different cell sizes used to calculate the sea surface wind speed. A large box of 3.2 km 1.6 km (width by length) is used to estimate sea surface wind speed from SAR data in [20] , while a small box of 250 m 250 m is used in the present study. Both Figs. 7 and 11 show that the sea surface wind speed in the two cases has significant fluctuation in the wake region. For instance, for the second case, transects of P1 and P2 show that the sea surface wind speed has a maximum variation of approximately 2 m/s within a width of 4 km. Therefore, we consider that significant spatial variation of wind speed in the wake region might be reduced if a rather large box is used to estimate the sea surface wind speed downstream from the SAR image. However, one has to note that there is a tradeoff between using a large box to capture wind wake and a small box to retain the fine structures of wake. The study in [20] is a statistical analysis, and therefore, one has to ensure capturing wind wake automatically in order to process multiple SAR images. In the present study, however, we could choose a small box locating in the wake region on a case by case basis.
3) Wake Merging Beyond Offshore Wind Farm: Our most interesting finding is that turbine-induced wake in the two cases exhibits different patterns. In the first case, wake generated by single turbine merges quickly in the near wake region (less than downstream) to form a wide and long wake extending for around 18 km. In contrast, in the second case, the vertical transect P1, at a distance of 500 m (around diameters) downstream of the offshore wind farm, clearly shows four separated wind wakes generated by the four rows of wind turbines, while the variation of the sea surface wind speed and backscatter in the transect P2, at a distance of 4 km downstream, shows two major wakes remained as a result of wake merging.
We consider that the wind direction relative to the layout of the wind turbines plays an important role on inducing wake with different characteristics for the two cases. The layout of the offshore wind farm Alpha Ventus (Fig. 2) shows that each row of the wind turbines is aligned with east-west direction. In the second case, the wind direction at hub height is 253 , which indicates that the direction of wind flow is nearly parallel to the rows of wind turbines. Consequently, we observe a quadruple wake pattern in the TS-X image in this case. In the first case, it is observed in the TS-X image that the wind turbine wake merges downstream rather quickly to form a wide and lengthy wake. The wind direction at hub height for this case is 225 , which indicates that the wind flow is across the wind turbine array. Therefore, the extending and merging of offshore wind turbine wakes have a significant dependence on wind direction relative to the layout of offshore wind farms.
Merging of multiple wakes is also studied in wake modeling [37] , coming to a conclusion that multiple wakes merge at approximately , if the half wake width equals the turbine spacing. In our second case, the separate wakes extend to around 4.1 km, i.e.,
, from the first column of wind turbines. Beyond , wakes W3 and W4 generated by the two southern rows of turbines merge to form one wide wake, i.e., the southern wake observed in the transect P2 at around away from the first column of the turbines, which width is approximately two times the turbine spacing. The northernmost wake W1 expands lateral to form the wide northern wake observed in transect P2, which width is also comparable to two times the turbine spacing. Therefore, we find that the four single wakes extend for before starting to merge. However, the wakes do not merge completely to form one wide wake, but remain two separated ones and extend separately for a long distance beyond . 4) Wake Meandering: In both cases, wake meandering is observed, particularly through analysing the transect of the retrieved sea surface wind speed. In the first case, fluctuation of the sea surface wind speed downstream of the offshore wind farm indicates that the occurrence of wake meandering, since a linear transect is used to calculate the surface wind speed.
In the second cases, wake meandering is particularly clear in both the enlarged subscene and the sea surface wind speed for the two transects across the downstream wake. Comparing Fig. 11(a) to (b), one can find that the minimum sea surface backscatter and the sea surface wind speed for wake W1 appears at the location of 0.5 km in the transect P1 and 1 km in the transect P2, respectively, which therefore indicates that the wake meanders from north to south by around 500 m.
5) Wake Within Offshore Wind Farm: Wake patterns in the near-and far fields of offshore wind farm are discussed above. Because of the high spatial resolution of TS-X Stripmap image, we can also observe the wake feature inside the offshore wind farm as well. In the second case, as shown in the zoomed subscene of TS-X given in Fig. 8 , a low sea surface backscatter pattern is observed in the area between the second and the third columns of turbines, while the sea surface backscatter between the first and second columns is unchanged.
The blade tip of wind turbine follows a circular orbit, which leaves a trailing vortex of a helical structure with the central line (axis) at the height of the hub. The vortex moves downstream to form the turbine wake. Along with its forwarding, wake also has an axisymmetric expansion, which increases the radius of the wake, that is, the height of the wake. Once the wake height exceeds the hub height, it is considered to have impacted on the sea surface. Thus the wake is imaged by SAR. The wake model simulation [37] shows that this (i.e., wake height is higher than the hub height) occurs at approximately downstream of the wind turbines, which is equal to approximately 1.16 km for the offshore wind farm Alpha Ventus. The TS-X observation shows the wake pattern approximately 1.2 km downstream of wind turbines in the first column, which is consistent with the model simulation. However, this is not observed in TS-X image acquired for the first case, which has different weather situation from the second one. This indicates that the occurrence of wake height exceeding the hub height also depends on meteorological conditions. Since TS-X can also operate in the Spotlight mode to form images with a spatial resolution of 1 m, we expect that it will yield a unique opportunity to investigate wake behavior inside offshore wind farms.
V. CONCLUSION
In this study, we present two cases at the offshore wind farm Alpha Ventus to investigate turbine-induced wake using high spatial resolution TS-X Stripmap data and the retrieved sea surface wind field. The conclusions drawn are in the following.
SAR has the capability to map the sea surface two-dimensionally in high spatial resolution, which provides a unique opportunity to observe spatial characteristics of offshore wind turbine wakes in the near-and far fields. In particular, the new generation spaceborne SAR sensors, like TS-X/TD-X provide Stripmap mode images with a pixel size of 1.25 m, corresponding to a large amount of individual looks is used to form the image, which in turn restrains the speckle significantly presented in SAR images. Therefore, offshore wind turbine wake imaged by TS-X image could be clearer than that observed in the conventional SAR, as demonstrated in Fig. 1 . This makes it possible to investigate fine structures of turbine wake in the near-and far fields of offshore wind farms.
The GMF XMOD2 is tuned using TS-X subscenes with size of 2 km 2 km. To investigate fine structure of offshore wind turbine wake, which exhibits significant spatial variation in a few kilometres, we use a cell size of 250 m 250 m to retrieve the sea surface wind speed from TS-X Stripmap data for both the cases. The calculated radiometric resolution of the down-scaled TS-X data with a pixel size of 250 m for both cases is less than 0.5 dB, which is below the absolute radiometric accuracy of 0.6 dB for TS-X Stripmap data. Therefore, it is considered that the retrieved TS-X sea surface wind field with a spatial resolution of 250 m not only retains the details of turbine-induced wakes, but also restrains the effect of speckle "noise" on the retrieval results.
FiNO1 measurement of wind speed at a height of 33 m is extrapolated to that at 10 m height taking into account the atmospheric stability. For both the cases with different meteorological conditions, the retrieved TS-X wind speed shows fairly good agreement with the extrapolation result and the difference is less than 0.2 m/s.
The spatial variation of offshore wind turbine wake is very complex, depending on wind speed, wind direction, ambient atmospheric turbulence, and atmospheric stability. Interestingly, in the presented case studies, turbine wakes formed under different types of weather conditions are mapped in TS-X images. We therefore focus on analysis of the different wake patterns observed in the TS-X images, and identify which factor may play an important role in the forming of these wakes.
Our analysis shows that the turbulence level of incoming flow has an inverse relation with the length of turbine-induced wake, i.e., the recovery rate of wind speed downstream. The maximum velocity deficit of wake estimated from the TS-X sea surface wind speed is at least 5% higher than that given in a previous study using ERS-2/SAR and ENVISAT/ASAR data. The major reason could be the different cell sizes used to retrieve the SAR wind field.
The most interesting finding in the two case studies is that the wind direction has significant influence on wake merging in addition to other parameters. In the second case, the wind direction at hub height is nearly parallel to the rows of wind turbines. A quadruple wake pattern in the TS-X image is observed and these wakes do not merge completely till away from the first column of the turbines. In the first case, the wind direction at the hub height is 225 , that is, the wind blows across the offshore wind farm. Consequently, we observe a wide wake in the TS-X image, which is formed in the near wake region and extends till around 18 km downstream of the wind farm. The phenomenon of wake meandering is also discussed. Although the weather conditions of the two cases are contrasting, fluctuation of wind speed in the horizontal and vertical transects shows that wake meandering occurs in both cases.
Because of the high spatial resolution of TS-X data, we also identify the wake pattern inside the offshore wind farm, which has never been reported to our knowledge. In the second case, the sea surface backscatter in the area between the second and third columns of the turbines is lower than that in the area between the first and second columns, which indicates that the height of turbine wake is greater than the hub height and therefore, the wake changes the sea surface roughness. In contrast, this change is not observed in the first case which has different weather conditions from the second case. Therefore, we may preliminarily conclude that weather conditions, such as atmospheric stability and turbulence intensity should also have impacts on the height of wake inside offshore wind farms. This shall remain our further investigation, particularly through the TS-X Spotlight image which has a better spatial resolution of up to 1 m than the Stripmap data.
In summary, the two case studies reveal that the high spatial resolution TS-X images can contribute significantly to studies of offshore wind turbine wakes. In particular, more and more spaceborne SAR sensors which provide images in high spatial resolution, such as the TS-X/TD-X and Cosmo-SkyMed in X-band, and RADARSAT-2 and incoming Sentinel-1 in C-band, are becoming available, which can decrease temporal gaps between individual SAR observations. Therefore, not only spatial variation, but also temporal variation of offshore wind turbine wake can be investigated.
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